Abstract Water abstraction for irrigation upstream of a reservoir and its impact on reservoir yield and reliability are studied. Water demand and availability are strongly related in semi-arid environments where the irrigation sector is responsible for a large part of consumptive water use. Variations in water abstractions for irrigation depend on irrigation requirements per hectare and the size of the irrigated area. The Orós Reservoir in semi-arid Northeast Brazil has been taken as a case study. The results show that water abstracttion for irrigation is of significant importance for reservoir yield and reliability. Yield-reliability simulations for the study area show that taking into account upstream water abstraction for a reservoir yield of 20.0 m 3 /s results in a water-scarcity probability of 10% on an annual basis (90% reliability). This is only 5% if upstream abstraction for irrigation is ignored. This study shows that observed land-use changes in the study area do have a significant impact on reservoir yield reliability. The variability of upstream water abstraction was found to be of low importance for reservoir yield and reliability.
INTRODUCTION
Decreases in rainfall reduce inflow into surface water bodies, while at the same time they increase the requirement for irrigation water. Periods with low flows are generally also those with the highest irrigation water requirement. This could result in even lower inflows into reservoirs when these are located downstream of irrigation water abstraction sites. Upstream rainfall variability and flow abstraction for irrigation are key parameters in understanding low flows in rivers (Smakhtin, 2001; Smakhtin et al., 2006) . Several studies address the impact of land use on low flows. Eheart & Tornil (1999) show the effect of water abstraction for irrigation in response to changes in rainfall on the occurrence of low flow in streams in Illinois and other states in the midwest USA. They take into account both groundwater and river water abstraction. Wilk & Hughes (2002) studied a catchment in south India. They observed an increase in runoff as a result of land-use changes from indigenous forest and savannah to agriculture. This resulted in increased reservoir inflow and reservoir yield. They concluded that likely changes will have a negligible impact on reservoir yield alone. Simulation results for a river basin in south central Ethiopia (Legesse et al., 2003) show an 8% decrease in discharge after converting cultivated/grazing land into woodland. Studies such as Wilk & Hughes (2002) and Legresse et al. (2003) create the impression that increasing agricultural activities will tend to increase river discharge. However, these studies did not include large-scale increases in irrigated land use, with related abstraction. Obviously, decreasing reservoir inflow may reduce reservoir yield or its associated reliability (McMahon & Mein, 1986; Vogel & Stedinger, 1987; Campos, 1996; Loucks & Van Beek, 2005) .
The effects of upstream water abstraction on the inflow volume and on the variability of inflow volume in downstream reservoirs are the focus of this study, as well as the effects of changed reservoir inflow patterns on reservoir yield and reliability of yield. The study takes into account the fact that upstream water use depends on upstream water availability. It includes the effect of rainfall variability on water availability and water abstraction for irrigation, and the effect of such abstraction on reservoir inflow, yield and reliability.
According to Campos (1996) , for the purpose of deriving reservoir yield, the water balance of reservoirs in a semi-arid environment is well approximated by:
where V is the water storage volume in the reservoir; t represents time (with steps of one year); Q in the inflow from the river network into the reservoir; Q E,d the water loss due to evaporation in the dry season; Q S the reservoir outflow over the spillway; and Q out the regulated outflow from the reservoir in the dry season (all variables are in m 3 /year). According to Campos (1996) , water input by rainfall directly on the reservoir surface, together with groundwater discharge to the reservoir, are roughly compensated for by wet season evaporation and loss due to seepage, and can therefore be neglected for deriving reservoir yield in semi-arid environments such as the Jaguaribe basin. In this study, Q in depends on the amount of water abstracted for irrigation. The impact of current upstream irrigation-water abstraction is compared to that of decreasing reservoir capacity, increasing irrigation efficiency and increasing irrigation area.
STUDY AREA
The Jaguaribe basin is located within the institutional borders of the State of Ceará in semi-arid Northeast Brazil (Fig. 1) . The basin covers approximately 74 000 km 2 . Annual precipitation ranges from 400 to 2000 mm, most of which falls in the period January-June. Temporal rainfall variability is highly significant on a suite of scales: inter-annual variability, seasonal variability and variability at the time scale of a week (Uvo et al., 1998; Enfield et al., 1999; Smith & Sardeshmukh, 2000; Gaiser et al., 2003) . Seventy-five percent of the basin's reservoir capacity is provided by three public service reservoirs, which have transformed about 470 km of the rivers in the middle and lower part of the basin into perennial waterways. One of these reservoirs is the Orós Reservoir, subject of this study, which was constructed in 1961 and has a capacity of 1.940 × 10 6 m 3 . Irrigation is intensively practiced (~26 000 ha in the Jaguaribe basin) and discussed in Ceará because of its high pressure on water reserves in strategic reservoirs (COGERH, 2001 (COGERH, , 2003 Johnsson & Kemper, 2005) . Still, many additional irrigation projects are planned. So far, little research has been done on the impact of upstream abstraction for irrigation on the water availability in downstream reservoirs.
Within the study area, there are three different irrigation zones (Fig. 1) , each having a different sort of rainfall dependency: in the river zone, water is pumped from the river or from the alluvial aquifer; in the natural lakes zone, irrigated area is limited by water availability and by inundation, both dependent on local rainfall; in the flood-plain zone, irrigated area depends on inundation of the reservoir bed and plains alongside the reservoir. Inundation may limit irrigation in the direct surroundings of that reservoir. 
METHOD
The research method consists of three steps: 1 The relationship between rainfall and water abstraction for irrigation was explored, using an empirical data set for the period 2000-2005, yielding parameterizations of irrigation area and water use. 2 The results of the first step were validated by establishing a water balance of the Orós Reservoir for the same period. 3 Reservoir yield was assessed at various reliability levels, under the influence of changing irrigation-water abstraction. This was done by running simulations using a synthetic 10 000-year series (Loucks & Van Beek, 2005) based on rainfall and discharge data. Two assumptions were made for irrigation-water abstraction: (a) The amount of abstracted water per hectare is rainfall-dependent. (b) The size of irrigated area in the vicinity of natural lakes and reservoirs is influenced by land availability, which depends on water levels in these water bodies.
Step 1: Establishment of the relationship between rainfall and water abstraction
Variations in water abstraction for irrigation are based on the following relationships, established using empirical data for the period 2000-2005: Relationship between rainfall and irrigation Irrigation requirements for every season (total of 12) were determined using the CropWat model (FAO, 1998) , based on the Penman-Monteith equation. The model takes into account area-specific climatic parameters, including daily rainfall data from measurement stations, indicated in Fig. 2 . The model output includes irrigation requirements per crop. Linear regression of the results yields relationships between rainfall and irrigation
Fig. 2
The relationship between rainfall, irrigation requirement (Irr. req.), reservoir inflow and reservoir yield for the study area. requirement, to be used for simulation, using a time step of one season (6 months). The irrigation water requirements were taken as estimates for water abstraction. Rice and banana are the most relevant and most water-consuming irrigated crops in the area. No other crop was taken into account.
Relationship between rainfall/river flow and irrigated area in the river zone The irrigated area in the river zone was tested to see whether it was dependent on local rainfall and river flow.
Relationship between local rainfall, inundation and irrigated area in three neighbouring natural lakes, supplied with local rainfall and runoff The irrigated area in the natural lakes zone was tested to see whether it was dependent on local rainfall.
Relationship between reservoir volume and irrigated area in the flood-plain zone
The surface area of the reservoir is dependent on the amount of rainfall upstream. The time scale for this dependency is inter-annual rather than intra-annual. The relationship between reservoir volume (instead of rainfall) and irrigated area is therefore explored. The following data were used: -Rainfall data for three rainfall stations (FUNCEME, 2006) ( 
Step 2: Establishment of the water balance of the Orós Reservoir
The explored relationships are implemented in our simulation approach to calculate the season-byseason development of the volume of the Orós Reservoir, using a 6-month time step. A water balance of the area around the Orós Reservoir ( Fig. 1) was made for the period 2000-2005. To determine this water balance, the following data were used in addition to the data used for Step 1: reservoir releases and river flow based on data for three reservoirs: Orós, Lima Campos and Trussu (COGERH, 2006) , and flow data at Iguatu (ANA, 2006) .
Equation (1), after the method of Campos (1996) , separates reservoir water balance parameters for the dry and the wet season. Introducing water abstraction in this method, the separation is made more explicit, by splitting equation (1) into two equations, one for the wet season (2) and one for the dry season (3):
where V t (m 3 ) represents volume in the end of the season in year t; V t(wet) and V t(dry) for the wet season and the dry season, respectively; Q in (m 3 ) is inflow before abstraction in the study area; Q UseWet(t) (m 3 ) is water abstraction for irrigation during the wet season; Q UseDry(t-1) (m 3 ) is water abstraction for irrigation during the previous dry season (since irrigation during the dry season is established largely by pumping water from the alluvial aquifer, reservoir inflow in the following wet season is reduced because of recharging by river water); Q S (m 3 ) is the reservoir outflow over the spillway; Q E,d (m 3 ) is the dry season evaporation from the reservoir; and Q out (m 3 ) is the regulated water withdrawal.
The parameter Q in is based on daily data from flow measurement at two inflow points, while Q out is based on daily reservoir release data from measurements at the two dams in the east of the study area. Both Q out and Q in are converted into seasonal values. The parameters Q UseDry and Q UseWet are based on the land-use data and irrigation requirements as described in Step 1.
Step 3: Simulation of the relationship between upstream water abstraction and downstream reservoir yield and reliability Equations (2) and (3) are used for stochastic simulation, applying a 10 000-year synthetic series of annual rainfall and discharge. This synthetic series is based on statistical characteristics of rainfall data for the period 1974 -2005 (FUNCEME, 2006 and discharge data for the period 1982 -2005 (ANA, 2006 . It reproduces historical mean and the coefficient of variation, cross-correlations and autocorrelations of both annual rainfall and inflow, using a multivariate model with a lag of one year, as described in Loucks & Van Beek (2005) .
To determine Q UseWet and Q UseDry in each time step, the established empirical relationships from Step 1 are used. If Q out is less than the target water yield, the year is considered unsuccessful. The reliability level G for that target yield is given by G = 1 -(N U /N) where N U is the number of unsuccessful years and N is the total number of years in the simulation. The result is compared to the result of applying equation (1). In this way the impact of varying and changing water abstraction on reservoir yield-reliability is assessed.
Finally the effect of water abstraction is compared to the impact of decreasing reservoir capacity due to sedimentation.
RESULTS
The dependency of net irrigation requirement on seasonal rainfall rates can be approximated by a linear relationship (Fig. 3) . Net irrigation requirement in the wet season varied roughly between 100 and 400 mm for rice and between 300 and 600 mm for banana. In the dry season net irrigation requirement was relatively constant, since rainfall quantities in the dry season were relatively small. Irrigated area in the river zone was found to be relatively independent of rainfall and river flow. This is because water from the alluvial aquifer is available, originating from, but hardly constrained, by river flow. Research in a nearby sub-basin in the Jaguaribe basin (Burte et al., 2005) concludes that the river is the most important source for recharging the aquifer following withdrawal of water directly from the alluvial aquifer. This water is available all year round, providing a relatively stable water supply. The relatively high coefficient of variation for irrigated area (Table 1) is explained by a steadily increasing area of irrigated land for fruit production, as a result of government policy (COGERH, 2001 (COGERH, , 2003 SEAGRI, 2004 SEAGRI, , 2005 , rather than by interannual variability. As this trend does not represent an effect of rainfall variability, it is not considered in the determination of reservoir yield.
The extent of irrigated area in the natural lakes zone depends on local rainfall since the latter is directly responsible both for water availability and for inundation of arable land by water from natural lakes. The temporal extent of influence exceeds annual rainfall rates, since storage capacity is larger than what is consumed and evaporated each year. Therefore the rainfall quantity from the previous year is also taken into account. From the remotely sensed imagery data, one may observe that inundation forces farmers to move their irrigation activities frequently. The irrigated area generally increases with increasing rainfall amount, but decreases when high rainfall inundates a potential irrigation area. In this study, a relationship representing this observed qualitative behaviour was established (Fig. 4) . This takes into account rainfall in year t and in year t -1. A quadratic relationship is found to give a reasonable representation of the data for the period 2000-2005 (R 2 = 0.73). The amount of irrigated area in the flood-plain zone appears to depend on the size of the area inundated by the Orós Reservoir and the accessibility of water from local streams and groundwater. 2/3 * rainfall(t) + 1/3 * rainfall(t-1) (mm) irrigated area in natural lakes zone (ha) Fig. 4 Relationship between rainfall and area of irrigated crops in the natural lakes zone. (Fig. 6) , making clear that inundation shifts and limits irrigation.
Applying the empirical rules for the three zones in the water balance equation for the period 2000-2005 results in a simulated evolution of reservoir volume that approximates the observed data much better than the Campos method of not accounting for upstream water abstraction (Fig. 7) . So, this new method with empirical rules is able to represent the water balance under highly variable conditions.
Applying our method for determining yield-reliability simulations shows that upstream water abstraction for irrigation results in a decrease in the reservoir yield, with a reliability level of 90% (Q 90 ), from 24.4 m 3 /s (Campos method) to 20.0 m 3 /s (our approach) (Fig. 8) . According to the results of the Campos method, the water-scarcity probability for a 20.0 m 3 /s yield, for instance, is Rice production 250% Fig. 9 Results of yield-reliability simulations with: reservoir capacity reduced by 50%; 100% irrigation efficiency; and rice area increase by a factor 2.5 (corresponding to the 1993 situation).
close to 5% every year (95% yearly reliability) whereas, according to this study, it is as high as 10%. This difference is very relevant for water allocation purposes. The results of this study show that major impacts of variations in land use on yield reliability should not be expected. Simulations that include the established relationships for land-use variation in the different zones result in a yield that is 0.4% higher in comparison to simulations with constant land use based on the period 2000-2005.
The developed simulation method was also applied to assess the impact of possible changes on reservoir yield reliability. The current impact of upstream water abstraction for irrigation was compared to that of decreasing reservoir capacity, increasing irrigation efficiency and increasing irrigation area. In Fig. 9 the impacts of "possible" future developments are compared to the outcomes of our results based on the empirical data for the period 2000-2005. Developments considered are: an increase in irrigation efficiency to 100% due to technological improvements; an increase n irrigation area for rice production to a level that was previously reached in 1993; and a 50% reduction in reservoir capacity due to long-term sedimentation.
The results show that shifts in upstream water abstraction may seriously affect reservoir yield. When abstraction was increased to levels reached in the recent past (1993), the impact on reservoir yield was of the same order of significance as a 50% reduction in reservoir capacity due to sedimentation. However, sedimentation causes gradual changes, whereas changes in water abstraction could happen relatively fast. It would take decades for a 50% capacity reduction to develop in effect of sedimentation. For an impact assessment of sediment deposition on reservoir yield in semi-arid Brazil, see De Araújo et al. (2006) .
DISCUSSION
Some comments on the method applied in this study are justified. Firstly, a relatively short time series of data was used to determine variations in water abstractions. Remotely sensed imagery for dry seasons in six consecutive years was used. This implies that information on the variability of irrigated area is limited to the margins of events that occurred in the period [2000] [2001] [2002] [2003] [2004] [2005] . With respect to recent historical data on average yearly rainfall in area upstream of the reservoir, the year 2004 was relatively wet; however, 1985 and 1989 had higher rainfall rates. Also, 2001 was relatively dry, yet 1983, 1993 and 1998 had lower rainfall rates. The effect of rainfall extremes beyond these margins is therefore uncertain. Secondly, longer series of consecutive dry or wet years that did occur historically were not represented in the empirical data set. Therefore, the effect of such series on water use could not be evaluated. Thirdly, variations in the timing of the growing season in different years has not been taken into account.
The variability of irrigated land and water abstractions for the empirical data set and the simulated series does not match perfectly (Table 1 ). The applied rules do not reproduce empirical variability completely, since they are based on regression relationships. Moreover, the observed variance in the river zone is explained, not so much by variability as by a trend towards more fruit production in the period 2000-2005, which, in our view, is not particularly related to rainfall variability. For the natural lakes zone, it was observed that the variability of irrigated area is higher than that of water abstraction. This is explained by the observed increase in irrigated area with the decrease in net irrigation requirement per hectare. In the flood-plain zone, water use was observed to be more variable than irrigated area. This is explained by a larger irrigated area in years of low precipitation and a smaller irrigated area in years with high precipitation for the period 2000-2005. This is largely a coincidence and is not resembled as such in the simulations using a 10 000-year synthetic time series.
Inter-annual variations in water abstraction, such as were observed for the period 2000-2005, influence downstream reservoir reliability to a limited extent. The variability of water abstraction is small in comparison to variability of inflow. Furthermore, abstraction in the natural lakes zone and the flood-plain zone generally decreases in times with low water availability. Applying our simulation approach for Q 90 (irrigation efficiency 60% and regulated dry season release being 20 m 3 /s), the coefficient of variation for yearly water abstraction is 0.09. With a fixed irrigated area (average 2000-2005) , the coefficient of variation for water abstraction is 0.07. The coefficient of variation for the inflow is 1.485 when applying our simulation approach, and 1.484 in the case of a fixed irrigated area. The difference for reliability levels is accordingly negligible.
The simulations in this study show that the variation in river flow upstream of the study area is of high importance to yield reliability. The variation in river flow into the area is quite large (coefficient of variation: 1.46). In the case of all variation being fully compensated for, e.g. by upstream reservoirs, reservoir yield at Q 90 could be increased by over 100%. However, a serious increase in flow stability would come at the cost of increasing evaporative losses and would probably also lead to an increase in upstream water abstraction.
The local rainfall variability affects irrigation requirement, but does not dramatically influence reservoir yield reliability. Most of the water for irrigation is abstracted during the dry season, when rainfall rates are too low to seriously reduce irrigation requirement per hectare.
The volume of abstracted water due to long-term changes is more important to yield reliability than rainfall-dependent variations from year to year. This volume depends on many more factors than inflow and rainfall variability alone. In the early 1990s, for example, irrigation for rice production in the study area was much higher (an additional 150% on top of the 2000-2005 level) than in the period 2000-2005. Because of changes and variations in the market, and technological improvements in the irrigation sector, shifts in water abstraction are very possible. It is hard to say what developments in water abstraction will take place in the future. However, it is possible to determine the effect of such developments on reservoir reliability. Our results show that such effects can be serious.
In our simulation method, a fixed target yield is coupled to a reliability level. In reality, a target yield neither is nor should be applied for reservoir operation in semi-arid Northeast Brazil. Water demand is variable due to rainfall variations. This makes it inefficient to apply a fixed release volume. Moreover, with the introduction of institutionalized participative water allocation management in the study area, originating from late 1993, the decision-making process for water allocation is no longer solely based on water engineering decisions (Lemos & de Oliveira, 2004; Johnsson & Kemper, 2005; Taddei, 2005) . Besides individual preferences of different stakeholders participating in decision-making, actual reservoir reserves and increasingly also rainfall predictions are taken into account for decision making on reservoir releases. In reality, reservoir operation rules are far more difficult than represented in the reliability concept applied here. However, for the purpose of this study it served well.
Climate change was not taken into account in this study. According to the IPCC, climate change may substantially affect irrigation withdrawals: "Higher temperatures, hence crop evaporative demand, would mean that the general tendency would be toward an increase in irrigation demands" (IPCC, 2001, p.31) . Obviously, changes in evaporation and rainfall regimes would influence reservoir yield reliability.
CONCLUSION
The reliability level of reservoir yield is sensitive to upstream abstraction for irrigation. Methods to determine reservoir yield can conveniently be adapted to account for the effect of abstraction and their variability. Yield-reliability simulations for the study area show that taking into account upstream water abstraction for a reservoir yield of 20.0 m 3 /s results in a water-scarcity probability of 10% on an annual basis (90% reliability). This is only 5% if upstream abstraction for irrigation is ignored. Changes in water abstraction seriously influence reservoir yield and reliability.
The results show that inter-annual variability of upstream water abstraction as a result of rainfall-dependent variability of irrigated area and irrigation water requirement is of low importance for reservoir yield and reliability. Rather, governance with respect to irrigation programmes and construction and operation of upstream storage reservoirs has a strong impact on reservoir yield and reliability of reservoirs located downstream. This study shows that observed land-use changes in semi-arid regions can have an impact on reservoir yield reliability that is more serious than estimated long-term effects of sedimentation.
For the case studied, average upstream inflow is much greater than average water abstraction. Therefore, the influence of the variability of water abstraction on reservoir inflow is small. However, if average inflow were to decrease (e.g. as a result of increasing average water abstraction), the impact of variability of water abstraction would increase accordingly. In cases where inflow is lower, relative to abstraction, the impact of variability of water abstraction could also be higher.
In the study area as a whole, variations in irrigated area compensate for, rather than amplify, variations in irrigation water requirements. This implies that self-regulation is taking place, rather than increased scarcity. In parts of the study area, this self-regulation is not taking place. This implies that in other regions this self-regulation may not occur either.
